We have investigated the recovery of the overshoot in the transient viscosity, the first normal stress coefficient, and the dynamic modulus for entangled polybutadiene solutions subjected to nonlinear shear flow. The molecular-weight dependences of the various time scales (linear viscoelastic relaxation time, entanglement recovery time, and timescale for decay of stress following cessation of shearing) are all consistent with the usual 3.4 power law. Nevertheless, the time for recovery of the stress overshoot and plateau value of the dynamic modulus were substantially longer (by as much as two orders of magnitude) than the linear viscoelastic relaxation time calculated from the Newtonian viscosity and the equilibrium recoverable compliance. These results indicate that complete entanglement recovery requires cooperative chain motions over a length scale exceeding that associated with linear relaxation. This persistence of a disentangled state means that a state of low viscosity and reduced elasticity is retained for an extended time, suggesting that shear modification can be used to facilitate the processing of polymers.
INTRODUCTION
The shear-rate dependence of the viscosity is one of the distinguishing features of the rheology of entangled polymers. The shear thinning is ascribed to a loss of entanglements, resulting from the flow-induced orientation of the chains. [1] [2] [3] [4] [5] [6] [7] Although this loss is reversible, the time scale for entanglement recovery can be very slow. This allows advantage to be taken of the "shearmodified" state during polymer processing; for example, elastic effects such as die swell are much weaker for some time after the shearing. [8] [9] [10] [11] [12] [13] [14] [15] Freeze-drying of dilute polymer solutions has also been investigated as a route to achieving disentangled high-molecular weight polymers, 16 although at least for polystyrene the results are disappointing. [17] [18] [19] Among the various signatures of a reduced entanglement density, the magnitude of the overshoot in the transient shear stress is especially useful for laboratory studies. At sufficiently high shear rates, the stress passes through a maximum, prior to attaining a steady-state value that reflects the equilibrium degree of entanglement. If the shearing is stopped and immediately resumed, the stress overshoot is weaker or even absent. 20 Annealing in a quiescent state allows the entanglements to reform via Brownian motion, so that upon resumption of the shearing the stress overshoot returns, with a magnitude dependent on the duration of the annealing. [21] [22] [23] [24] [25] Complete recovery of the overshoot (that is, complete re-entanglement) has been reported to require substantially longer times than the time for stress relaxation after cessation of the shearing. 21, 23 Parenthetically, we note that stress overshoots are also observed for unentangled polymers, with similar shear-modification effects; however, these are due simply to orientation, rather than disentanglement, and the overshoot magnitudes are much weaker. 26, 27 Recently we determined the variation with molecular weight, M, of the time for recovery of the stress overshoot, τ R,η , in interrupted shear flow experiments on entangled 1,4-polybutadiene solutions. 28 In accord with the molecular weight dependence of the linear viscoelastic properties, we found that the recovery kinetics are consistent with a 3.4 power dependence on M. In the present work, we analyze the recovery of the elasticity (from the first normal force data) and the dynamic shear modulus in the rubbery plateau regime. The former reflects chain orientation and the latter is due to the transient entanglement network; thus, both provide a measure of the reentanglement process. We have also carried out some preliminary nonlinear creep experiments to verify the absence of inhomogeneous flow, as has been reported recently for well-entangled polymer solutions sheared at very large stresses. 29, 30 EXPERIMENTAL The 1,4-polybutadienes, anionically polymerized using butyl lithium as an initiator, are listed in Table I . They had ~9% vinyl repeat units and low polydispersity (≤ 1.05). Details of their synthesis can be found in ref. 28 . Solutions in an aromatic oil (Sundex 790 from Sun Oil Co.) were prepared by co-dissolution in hexane, with the hexane subsequently removed by evaporation under vacuum. For the startup transient experiments, the polymer volume fraction was ϕ = 0.52. The entanglement molecular weight, M e = 1.85 kg/mol for neat PB 31 , varies as ϕ -1 for these solutions. 28 The calculated number of entanglements per chain is listed in Table I for each sample. Some experiments were also performed on a more dilute solution (ϕ = 0.15) of the highest molecular weight PB. Controlled shear rate and small-strain oscillatory shear measurements employed a TA Instruments ARES rheometer, using a cone and plate geometry with a diameter equal to 15 mm and cone angle = 0.1 radian. Controlled stress experiments were conducted using a TA Instruments AR1000 with a cone and plate geometry (40 mm diameter; 0.04 radian cone angle). All rheological measurements were done at 25 °C. 32 The crossover from Newtonian flow to shear thinning behavior occurs at a shear rate given by 33 (2) This is the approximate value of the minimum shear rate necessary to ensure disentanglement by flow.
The terminal viscosities measured in shear flow 28 are listed in Table I . The recoverable compliance was determined by two methods. From linear creep experiments, J S 0 can be obtained directly from the recovery from steady state creep flow. These measurements are shown in Figure  1 J S 0 = 21 ± 3 MPa -1 . Note also that the creep recovery levels off to a plateau at longer times, indicating the absence of a high molecular weight tail in the distribution (which may be very difficult to detect analytically.) 34, 35 A second measure of J S 0 is from Newtonian shear flow data using (3) where Ψ 0 is the first normal stress coefficient (the ratio of the first normal stress difference to the square of the shear rate, measured at low shear rate). Representative results are shown in Figure  2 for PB107k; for all samples, we obtain J S 0 = 19 ± 1 MPa -1 , equal within the error to the value determined directly by creep recovery. Table I . The highest shear rate which could be employed is governed by the need to avoid edge fracture. Experiments on each solution were carried out to verify that the sample remained intact and homogeneous during shearing at the selected rates. Although edge fracture could be observed after sufficiently long shearing times (corresponding to shear strains > 50), the duration of the shear flow in the experiments discussed below was more than a factor of two shorter. In Figure 3 are displayed master curves of the dynamic storage modulus and the dynamic viscosity for the two highest molecular weight PB solutions. The frequency, ω, corresponding to the shear rate used in the nonlinear experiments is indicated. Note that it is beyond the Newtonian plateau.
NON-LINEAR SHEAR FLOW
During shearing at 3.3 times γ
• c , the PB solutions disentangle, giving rise to a maximum in both the shear and normal stresses. This is illustrated in Figure 4 , showing typical data for PB90k. For all solutions, the shear stress overshoot was observed at a shear strain = 2.76 ± 0.26, with a peak height 1.32 ± 0.02 times larger than the steady state stress. The normal force data are much noisier than the shear stress measurements, but the maximum occurred at a shear strain of about 6, decreasing weakly with molecular weight. These results agree with those of Menezes and Graessely, 24 who found the strain for the maximum in Ψ 0 was 2.3 ± 0.2 times greater than the strain for the shear stress maximum. The shear modification experiments, which followed those of Stratton and Butcher, 23 are depicted in Figure 4 . The shear flow was stopped after steady state was reached, and following some time period in a quiescent state, the flow was resumed at the same rate. During the γ • = 0 period, the stress decays in a complex fashion ( Figure 5 ). Some of the "structure" in these data at short times (< 0.03 s) may reflect instrument problems; in particular, there is some uncertainty in the exact time at which flow had ceased. The normalized decay curves do not superpose when shifted along the time axis; that is, the apparent molecular weight dependence increases with increasing extent of the decay. This is consistent with the idea that the entanglement loss during the prior shearing accelerates the relaxation. 7, 36 Previous studies have also found that the rate of decay depends on the prior shear rate. 23, 37 The long time tail of the relaxation after cessation of the flow (> 90% of the decay) does exhibit the expected M 3.4 dependence. ) (■ ■). Following a variable time period without flow (as indicated by the arrow), the shearing was resumed with the subsequent stress maxima having a magnitude dependent on the recovery time.
As illustrated in Figure 4 , the maxima in both the shear viscosity and normal stress coefficient reappeared upon resumption of the shear, with magnitudes dependent on the time at γ • = 0.
The shear stress recovery data, presented previously 28 and reproduced in Figure 6 , are fitted using the exponential function proposed by Stratton and Butcher 23 (4) where A η is a constant, t is the time since cessation of the shearing, and τ R,η quantifies the time scale for the recovery of the overshoot in the transient viscosity. A similar analysis of the normal force data using (5) is included in Figure 6 , with the characteristic recovery times plotted in the inset. The plateau in the dynamic storage modulus, G N 0 , is proportional to the entanglement concentration, so that its magnitude can be used to follow the re-entanglement kinetics. Accordingly, we carried out shear flow measurements, using the same conditions as above; however, after the cessation of the flow, a dynamic shear strain (= 0.5%) was imposed, rather than resuming the steady shearing. The dynamic frequency is indicated in Figure 3 . It was an order of magnitude faster than the shear flow rate, which is sufficiently high to fall within the rubbery plateau regime. Figure 7 shows the change in the storage modulus with time after cessation of the shearing. (These experiments were conducted only for the two highest molecular weight samples, because the instrumental lag time 38 (6) where G' ∞ is the equilibrium value (t ~ ∞) of the storage modulus at the imposed frequency, A G is a constant, and τ R,G measures the time for recovery of G'. The results for the two PB solutions are included in Figure 7 .
HOMOGENEITY OF THE SHEAR FLOW
Recently, Wang and coworkers have found that entangled polymers will exhibit a yield stress for sufficiently high stresses. 29, 30 As a result, the constitutive relationship between shear stress and shear rate is not continuous and monotonic. This implies that for imposed shear flow such as herein, non-linear rates can result in inhomogeneous flow, whereby the measured stress functions are meaningless. The phenomenon reported by Wang et al. 30 requires shear stresses that are close in magnitude to the plateau modulus. For the experiments herein, the steady state stress was about 70 kPa, which is a factor of 4 to 5 less than the plateau modulus of the solutions (see Figure  3) .
Nonlinear creep measurements would more directly assess the presence of yield-like behavior. However, the available instrumentation could not impose high enough stresses. Accordingly, we carried out creep measurements on the PB167k solution after dilution by a factor of 3.5. Master curves of the dynamic mechanical data are shown in Figure 8 . There is a weak plateau in the storage modulus. Using the minimum in the loss tangent as a measure of the plateau modulus, a stress of 5.5 kPa would be the same fraction of the plateau modulus (~ 1/3) as the maxi-
-Storage modulus measured at the indicated frequencies following cessation of steady state shearing.
RUBBER CHEMISTRY AND TECHNOLOGY VOL. 79 mum shear stress in the experiments on the more concentrated solutions (Figures 4 -6 ). We then measured the creep strain for stresses up to 5.5 kPa (Figure 9 ). There is no suggestion of any step increase of shear rate, only a smooth increase with increasing magnitude of the stress. This supports the validity of the controlled shear rate experiments on the higher concentration solutions described above. The yield phenomena associated with an entangled-disentangled transition as reported by Wang et al. 29, 30 require higher stresses than used herein. Figure 10 shows the terminal relaxation times for the PB solutions obtained from linear viscoelastic measurements (Equation 1). They vary with molecular weight as τ 0~ M 3.4 ± 0.2 , in accord with general expectations 39, 40 and previous experiments on 1,4-polybutadiene. 31 The recovery times for the η + overshoot and the storage modulus are included in the figure. Both quantities represent the time required for re-entanglement after non-linear shearing. We find that this process has a molecular weight dependence varying as M to the 3.3 ± 0.3 power, which is essentially the same as for τ 0 . This is interesting because while τ 0 describes linear relaxation in the fully-entangled state, τ R reflects the dynamics of partially disentangled chains. Notwithstanding their equivalent variation with M, the re-entanglement time scale is substantially longer than the linear relaxation time: τ R,η is ~ 48 times τ 0 and τ R,G is a factor of 160 times larger than τ 0 . The linear relaxation time is a measure of the time for the entangled chain to diffuse a distance roughly equal to its coil size. Although one expects disentangled chains to exhibit faster motion, the recovery time scale involves an approach to the fully entangled state via Brownian motion. This is a stochastic process, evidently requiring motion over length scales significantly greater than the molecular size. Although the direct origin of normal stress is the chain stretching induced by flow, the magnitude of Ψ 0 is sensitive to entanglements, and thus its recovery should follow the re-entanglement process. The recovery of the normal stress is faster than for the viscosity overshoot (Table  1) although still longer (by about a factor of ten) than τ 0 . Unfortunately, the scatter in the normal force data precludes an accurate determination of the molecular weight dependence of its recovery kinetics. As shown in the inset to Figure 6b , τ R,Ψ ∝ M 2.3 ± 1 .
DISCUSSION
The fact that the recovery time is substantially larger than the linear viscoelastic relaxation time is not predicted by any model, 25, 41, 42 but this effect has been observed previously. Startup transient recovery times for polyethylene melts reported by Dealy and Tsang 21 were a factor of 13 longer than τ 0 . 42 Yamaguchi and Gogos 8 measured the recovery of the plateau modulus for sheared polyethylene melts (M ~ 210 kg/mol). Analysis of their data indicates the time for reentanglement to be a factor of 28 longer than the linear viscoelastic relaxation time. This slow entanglement process is also seen in measurements on a very high molecular weight PB (M = 1.7×10 4 kg/mol). 31 The sample, precipitated from solution and molded at low temperature, was found to have a non-equilibrium degree of entanglements after 30 days, although the terminal relaxation time was less than 5 days. Notwithstanding the non-equilibrated nature of the material, viscosity measurements were the basis for a putative confirmation of the M 3 dependence of the viscosity (at sufficiently large M) predicted by tube models of polymer dynamics. 31, 40 Other workers, studying more dilute but still entangled solutions (ϕ < 0. τ R,η that were closer to the linear viscoelastic time. 23, 24, 37 However, even in these studies, τ R,η was much longer than the time for stress relaxation following cessation of flow.
SUMMARY
Non-linear shearing was used to reduce the entanglements in concentrated solutions of high molecular weight PB. The recovery of the equilibrium degree of entanglements was followed by measurements of the transient viscosity, normal stress coefficient, and dynamic storage modulus. The kinetics of the re-entanglement are consistent with the 3.4 power dependence on molecular weight found for linear viscoelastic properties. However, the time scale for recovery of the entanglements is much longer (by ca. two orders of magnitude) than the linear relaxation time. This can lead to errors in characterizations of the viscoelastic properties of samples whose preparation involved significant deformation or the use of solvent. On the other hand, a reduced entanglement concentration gives more facile flow with weaker elastic effects; thus, shear modification is a route to improved processibility without sacrifice of ultimate physical properties.
